ABSTRACT Background: Effects of fish oil supplements on metabolic variables are insufficiently clarified in type 2 diabetes. Objective: We aimed to investigate short-term (1 wk) and longerterm (9 wk) effects of nҀ3 fatty acids.
INTRODUCTION
Research over past decades has shown that marine nҀ3 fatty acids have therapeutic potential in preventive medicine, including in cardiovascular disease and cancer (1, 2) . In Norway, fish oil is recommended to ensure vitamin D supply (3) and to prevent thrombosis (4) and cardiovascular disease (5) . The evidence in subjects with type 2 diabetes, however, is equivocal as to the benefits of nҀ3 fatty acid supplementation in the diet. In contrast with animal studies (6) , none of the controlled intervention studies in subjects with type 2 diabetes found better insulin sensitivity after supplementation with nҀ3 fatty acids (6 -8) . Deterioration of metabolic control was found in some (9 -14) but not all (6, 8, (15) (16) (17) (18) (19) (20) (21) (22) studies. Impaired metabolic control has been explained by increased fat intake per se (12) , unfortunate choice of placebo (olive oil) (10, 13) , or decreased insulin secretion (10 -12, 14) . Most previous studies were small (9 of 15 studies included 8 -16 subjects), and the larger studies did not include detailed investigations of insulin sensitivity or insulin secretion. Thus, the available data appear insufficient to formulate clear-cut recommendations for supplementation with nҀ3 fatty acids in subjects with type 2 diabetes.
Several confounding factors may have contributed to the previous discrepant results. First, most studies used a crossover design, which has a risk of carry-over effects. Second, the presence or absence of hypertriacylglycerolemia could be important, because nҀ3 fatty acids reduce hypertriacylglycerolemia, which might affect insulin sensitivity. Third, complete blinding of study medication was not documented in most previous studies. Fourth, unequal duration of intervention might also have contributed to the discrepant results. nҀ3 Fatty acids may have different biological effects in the short and long term, because incorporation of nҀ3 fatty acids into adipocytes is slow (23) , whereas incorporation into plasma fractions is rapid (24) . To our knowledge, the time-course of nҀ3 fatty acid effects has not been systematically investigated in humans.
We performed a randomized, double-blind controlled study in subjects with type 2 diabetes without hypertriacylglycerolemia to clarify some of the mentioned uncertainties. Effects were assessed after 1 and 9 wk of intervention to illuminate the time course of nҀ3 fatty acids. We assessed metabolic control, insulin sensitivity, insulin secretion, and energy metabolism by use of home glucose monitoring, isoglycemic clamp, C-peptide glucagon test, and indirect calorimetry. To facilitate detection of timecourse effects, we chose to intervene with a high dose (6 g) of nҀ3 fatty acids.
SUBJECTS AND METHODS

Study population and design
Inclusion and exclusion criteria
Subjects between 40 and 75 y of age were recruited through advertisements in the local newspaper. Type 2 diabetes was defined by clinical criteria and by the absence of antibodies to glutamic acid decarboxylase. Participants had never used supplement with fish oil or marine nҀ3 fatty acids or discontinued such supplements for ͧ6 mo before baseline. Exclusion criteria were insulin treatment, hypertriacylglycerolemia (2.2 mmol/ L), proliferative retinopathy, pregnancy or lactation, allergy to fish or citrus, smoking, alcoholism, and congestive heart failure or other serious diseases affecting the ability of the subject to participate.
General design
The study had a parallel design. Subjects were screened on the basis of their medical history and a physical examination. The period from inclusion to baseline (wk 0) varied between 1 and 12 mo. Randomization was performed by the method of minimization (25) , with the factors body mass index, glycated hemoglobin, the use of oral hypoglycemic medication, sex, age, fasting C-peptide concentration, and fatty fish intake, which were weighted as 4, 3, 3, 2, 2, 2, and 1, respectively (26) . The intervention lasted for 9 wk and effects were registered after 1 and 9 wk.
Study population
Of the 27 subjects included (13 M, 14 F), 14 (6 M, 8 F) were randomly assigned to receive corn oil and 13 (7 M, 6 F) to receive fish oil. One subject assigned to the fish oil group left the study after 3 d of intervention because of noncompliance with the protocol. Data from this subject are excluded from all results.
Details on intervention
Subjects were instructed to adhere to their usual diet, intake of alcohol (if any), and usual level of physical activity throughout the intervention period. The intervention consisted of a daily intake of 20 mL fish oil enriched with nҀ3 fatty acids, given as liquid. We used liquid instead of capsules because liquid is the most comfortable way of ingesting a high dose. Furthermore, in Norway, fish oil in liquid form is traditionally ingested during the winter. Control subjects ingested equal amounts of corn oil. The oils were distributed in identical bottles by Peter Möller, Division of Orkla ASA (Oslo, Norway) . The composition of the 2 types of oil is given in Table 1 . The fish oil contained no vitamin D, but vitamin A had not been completely removed. Therefore, vitamin A was added to the corn oil preparation to match the concentration remaining in the fish oil. Both oil preparations were flavored with lemon and were supplemented with a mixture of natural tocopherols and vitamin E, the latter in the form of all-rac-␣-tocopherol (Table 1) . To ensure endogenous regeneration of vitamin E, subjects were instructed to ingest 60 mg ascorbic acid/d (vitamin C) together with the oil.
The subjects received disposable premarked 20-mL dose cups and administered the daily dosage of oils and vitamins at home. The oil bottles were weighed at baseline and at the end of the study. The weight difference was used to calculate the amount ingested during the study period, using ҃ 0.925 as the oil density. Remaining vitamin C tablets were collected and counted.
During the intervention, the subjects were discouraged from discussing the category of oil with the investigators. Subjects were tested on different days; hence, the opportunities for participants to share experiences were limited. After completing the study, the subjects were asked which of the 2 preparations they thought they had ingested. They sent their answers to the randomization office in a preaddressed envelope. Nine subjects had no opinion on which preparation they had ingested. Thirteen subjects had an opinion based on taste, but of these, 6 were wrong. Four subjects had an opinion independent of taste, and 3 of these turned out to be correct. In all, 7 of 14 subjects in the corn oil group suspected that they had ingested corn oil, whereas in the fish oil group, only 3 of 12 subjects suspected that they had ingested fish oil. From these data, we conclude that the study was successfully blinded.
Ethics
The local ethics committee approved the study protocol. All participants gave written informed consent. No reward was given to the study subjects, except for individual counseling about diet and lifestyle after completion of the study.
Tests
Test days
Measurements in the hospital were performed at baseline and after 1 and 9 wk of intervention. At each of these 3 stages, we used 2 consecutive days for testing. For each individual subject, we used the same weekdays for testing at baseline and after 1 and 9 wk of intervention. Before each test day, the subjects fasted 12 h (and abstained from alcohol for 24 h). They were told not to engage in strenuous exercise on the day before testing. In the morning on test days, the subjects traveled for 1 h to arrive at the hospital at 0800. On the first day of testing, blood and urine samples and anthropometric data were collected. Insulin secretion was measured by the C-peptide glucagon test. On the second day of testing, isoglycemic hyperinsulinemic clamps were performed mostly as described (27) , with indirect calorimetry measurements (28, 29) included. At baseline and after 9 wk of intervention, dual-energy X-ray absorptiometry (DXA) scanning was performed. Furthermore, adipose tissue biopsy was performed and diet was recorded.
C-peptide glucagon tests
Serum concentrations of C-peptide and insulin were measured 5, 6, and 7 min after intravenous injection of 1 mg glucagon. The peak C-peptide response (ie, the increment above that recorded before injection) was used as the main variable of insulin secretion.
Isoglycemic hyperinsulinemic clamps
After indirect calorimetry measurements were made in the basal resting state (see below) and before the start of the clamp, a cannula (Venflon; Viggo, Helsingborg, Sweden) was inserted into a vein dorsally on one hand for blood sampling. During the clamp procedure, the arm used for blood sampling was warmed by different remedies (such as plastic gloves filled with warm water) to "arterialize" the blood. A second cannula for infusions was inserted contralaterally into a hand vein or antecubital vein. Infusion of insulin and glucose was then started. Insulin [1.5 mL insulin Actrapid (Novo Nordisk A/S, Bagsvaerd, Denmark); 100 IU/mL in 500 mL isotonic saline to which 2 mL of the subject's blood was added, ie, 0.3 IU/mL] was infused at a rate of 40 mU · min Ҁ1 · m Ҁ2 for 2 h. A 20% solution of glucose was infused at a variable rate. Measurements of blood glucose taken every 5 min served to adjust the infusion rate of glucose. The glucose infusion aimed to maintain the concentration of fasting glucose (measured at baseline). Insulin sensitivity was calculated as the amount of glucose [mg · min Ҁ1 · kg Ҁ1 lean body mass (LBM)] needed to maintain the baseline concentration of fasting glucose during the last 40 min of each clamp procedure. Amounts of glucose in urine samples were negligible.
Indirect calorimetry
Indirect calorimetry (Deltatrac II metabolic monitor; DatexOhmeda Division, Helsinki, Finland) was performed immediately before and during part of each isoglycemic clamp. Oxygen consumption (mL O 2 /min) and carbon dioxide production (mL CO 2 /min) were measured while the subjects breathed through a ventilated canopy hose that was coupled to the Deltatrac gas exchange monitor. Measurements of respiratory gas exchange were performed for 30 min in the basal resting state and were then repeated for 30 min of the last hour of the clamp. Calculations of results included the energy production rate (EPR, kcal/24 h) and the respiratory quotient (RQ), ie, the ratio between CO 2 produced in mL/min (V CO 2 ), and O 2 consumed in mL/min (V O 2 ). Calculations of protein oxidation were based on each subject's urinary loss of nitrogen (U N ; mg/24 h). The latter was calculated from the output of carbamide and creatinine in urine produced during the preceding overnight period (ie, 9 h) as well as in urine collected during each clamp period. The following equation was used (29) :
and U N was extrapolated from 9 to 24 h.
Other variables and assays
Anthropometric measurements
Height (in cm) was measured to one decimal. Weight (in kg) was measured to one decimal with the subjects wearing indoor clothing and without shoes. The same electronic scale was used on all occasions. Waist circumference was measured with the subject in underwear, with shoulders relaxed and arms hanging alongside. Blood pressure was measured after the relaxing hour of indirect calorimetry and before the clamp. Body composition was assessed by DXA scanning (Hologic QDR 4500 A; Hologic Inc, Bedford, MA). Scans were reviewed and analyzed by using Hologic software 9.02.b (1996) . Total body weight given by the DXA scanning was used to calculate EPR. The LBM recorded at baseline was used both for calculations at baseline and after 1 wk of intervention (because scanning was performed only at baseline and after 9 wk).
Diet
Intake of food and beverages was recorded with the use of frequency questionnaires at baseline and at 9 wk. The answers were analyzed with regard to intake of energy and nutrients. The results were computed by using a food database (AKF96) and software systems (BEREGN) developed at the Department of Nutrition Research, University of Oslo. The food database was mainly based on the official Norwegian food table (30) . All fatty acids in the diet were expressed in g/d after estimating intake on the basis of choices of portion sizes and frequencies of food intake in the questionnaires, and the respective percent of energy was calculated for fatty acid groups: saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and nҀ6 and nҀ3 fatty acids.
Physical activity
The level and intensity of the subjects' usual physical activity was recorded by questionnaire at screening.
Home glucose monitoring
The subjects performed home glucose measurements on day 1 in week 0 and then on the same weekday of weeks 1, 3, 5, 6, and 8. On the measurement days, the subjects monitored their blood glucose 5 times: fasting before breakfast, before lunch, before dinner, 2 h after dinner, and at bedtime. All subjects used the same glucose measuring device (Precision; Abbott Laboratories, MediSense Products, Bedford, MA).
Plasma total phospholipid fatty acids
These were analyzed as previously described (31) . The individual fatty acids were measured as mg/L.
Adipose tissue biopsies
Subcutaneous adipose tissue was obtained from one buttock by needle aspiration (Microlance 3, 1.6 ҂ 40 mm; Becton Dickinson and Company Ltd, Drogheda, Ireland) as described previously (32) . The specimen was placed on ice and frozen immediately at Ҁ80°C, pending later analyses. The composition of fatty acids was determined by a modified version of a method previously described (33, 34) .
Assays
Before and during the clamp procedures, blood and urinary glucose were measured with a glucose analyzer (YSI; Yellow Springs Instrument, Yellow Springs, OH). Serum samples were centrifuged (2000 ҂ g, 12 min, 20°C) and were analyzed immediately or kept at Ҁ80°C for later analyses. Serum glucose, glycated hemoglobin, triacylglycerols, total cholesterol, HDL cholesterol, urine albumin, carbamide, and creatinine were measured by use of standard laboratory techniques. LDL cholesterol was calculated by use of the Friedewald formula (35) . Free fatty acids (FFAs) were analyzed in EDTA-containing plasma or in serum. Samples were centrifuged immediately (1500 ҂ g, 15 min, 20°C) and frozen and kept at Ҁ80°C pending later analyses by an enzymatic colorimetric method (NEFA-C kit; Wako Pure Chemical Industries Ltd, Osaka, Japan). Twenty-five percent of the samples were analyzed in parallel after sampling into tubes containing Paraoxon (Sigma Chemical Co, St Louis, MO) to check for ongoing lipolysis (36) . There were no differences in the concentrations of FFAs between samples with and without paraoxon. For glucagon measurements, 0.55 mL aprotinin (Trasylol; Bayer AG, Leverkusen, Germany) was added to chilled, heparincontaining tubes, and the samples were centrifuged (1500 ҂ g, 20 min, 4°C) before freezing at Ҁ80°C. Glucagon, insulin, C-peptide, proinsulin, leptin, and adiponectin were analyzed by using human-specific RIA kits (Linco Research Co, St Charles, MO). According to the manufacturer, the intra-and interassay CVs vary within the following ranges, respectively: 4.0 -6.8% and 7.3-13.5% (glucagon), 2.2-4.4% and 2.9 -6.0% (insulin), 3.4 -6.4% and 2.4 -9.3% (C-peptide), 1.5-6.9% and 1.5-10.1% (proinsulin), 3.4 -8.3% and 3.0 -6.2% (leptin), and 1.8 -6.2% and 6.9 -9.3% (adiponectin).
〉eta-hydroxybutyrate was measured with a Precision Xtra device (Abbott Laboratories, MediSense Products, Bedford, MA) (37) in thawed serum and EDTA-containing plasma samples.
Statistics and presentation of results
Statistics
Statistical analyses were performed with SPSS version 13.0 (SPSS Inc, Chicago, IL, 2005). Assumptions of normality were checked by visual inspection of normal Q-Q Plots. For the measurements of blood glucose, insulin sensitivity, and insulin secretion, a possible group effect was expected mainly at the last time point (9 wk). Hence, we analyzed these data by using analyses of covariance (ANCOVAs; 38) , that is, as regression analyses with the 9-wk measurement as the dependent variable and baseline measurement and group as covariates. The same methods were used for the fatty acid content of the diet and adipose tissue, because these data were sampled only at 2 time points (at baseline and at the end of the intervention). We used repeatedmeasures analysis of variance (ANOVA) for time and treatment interaction between groups when inspection of the data showed a clear time-dependent effect (eg, indirect calorimetry measurements or fatty acid content of plasma phospholipids). If there was a significant group ҂ time interaction, within-group analyses of the change over time were analyzed by repeated-measures ANOVA separately within each group. Differences between time points within the groups were then compared by using Bonferroni adjustments. If the P value for Mauchly's test of sphericity was ͧ0.05, the method assuming sphericity was used; otherwise, the Greenhouse-Geisser method was used.
Power calculations were based on paired t tests and group effects of 12% for insulin sensitivity [measured by hyperinsulinemic clamp (39) ] and 20% for insulin secretion [measured by a C-peptide glucagon test (40) ] and SDs of 10% and 14%, respectively. A sample size of 12 per group gave a power of 80% and 92%, respectively, with a significance level of 5%.
Presentation of results
Results are given as median values and the variability as the interquartile range (IQR; the distance between the 75th and 25th percentile values) in the text and in the tables as indicated. Median values were preferred for variables where skewness of data was detected or suspected, as in the case of some dietary variables. These data were then analyzed by nonparametric tests (unpaired Mann-Whitney test between groups, paired Wilcoxon's signed-ranks test within groups). Mean values were reported for variables analyzed by ANCOVA or repeated-measures ANOVA. In tables giving means, the variability is expressed as 95% CIs (lower to upper bound). Analyses of log-transformed data gave similar results (not shown). Spearman's correlation coefficients (r) were used to evaluate bivariate correlations. P values 0.05 (two-sided) were considered significant.
RESULTS
Baseline characteristics
Age, duration of diabetes, blood pressure, body mass index, glycated hemoglobin, fasting serum glucose, and lipids did not differ significantly between groups at baseline ( Table 2 ). The intake of fatty fish also did not differ significantly (data not shown), whereas fasting C-peptide concentrations were lower in the corn oil group. Five subjects in the corn oil group and 7 in the fish oil group did not use antidiabetic medication. Metformin nҀ3 FATTY ACIDS AND TYPE 2 DIABETES alone was used by 5 subjects in the corn oil group and 4 in the fish oil group; metformin combined with glimepiride by 1 and 1 subject, respectively; and glipizide or glimepiride alone by 3 and 0 subjects, respectively. Statins were used by 2 subjects in the corn oil group and 2 in the fish oil group; antihypertensive medication was used by another 2 and 2 subjects, respectively; and estrogen-progesterone was used by 1 subject in the corn oil group and 0 subjects in the fish oil group. The frequency and intensity of physical activity did not differ significantly between groups (see Supplemental Table 1 in the current issue online at www. ajcn.org).
Self-reported data on diet indicated no significant differences in total energy or nutrient intake ( Table 3) . Energy intake expressed as kcal/kg LBM was 33.6 (6.6) [median (IQR)] in the corn oil group and 33.6 (12.5) in the fish oil group. The relative contribution of energy from different macronutrients did not differ significantly between groups (Table 3 ). In addition, baseline protein intake in the combined group (n ҃ 26) correlated with the amount of protein metabolized, which was calculated from urinary loss of nitrogen (r ҃ 0.605, P 0.001). This was also found within both study groups.
There was no significant difference between groups in the percent of energy from SFAs, MUFAs, total nҀ6 fatty acids, or total nҀ3 fatty acids (Table 3) , and there were no baseline differences in specific nҀ6 and nҀ3 fatty acids in the diet, in adipose tissue ( Table 4 , 0 wk), or in plasma phospholipids ( Table 5 , 0 wk). A complete fatty acid pattern of diet, adipose tissue, and plasma phospholipids is given in Supplemental Tables 2 and 3 in the current issue online at www.ajcn.org.
Effects of intervention
Anthropometric variables
Changes in body weight, body fat mass, LBM, and waist circumference during the intervention were minor and did not differ significantly between groups (see Supplemental Table 4 in the current issue online at www.ajcn.org).
Diet
The intake of oil was close to the target in both groups [17.8 (2. 3) mL/d in the corn oil group and 17.6 (2.0) mL/d in the fish oil group]. This corresponds with 8.5 (1.1) g/d of linoleic acid (18:2nҀ6) in the corn oil group and 5.9 (0.7) g/d of total nҀ3 fatty acids in the fish oil group. Total nҀ3 fatty acids included 1.8 (0.2) g eicosapentaenoic acid (EPA; 20:5nҀ3), 0.3 (0.03) g docosapentaenoic acid (DPA; 22:5nҀ3), and 3.0 (0.3) g docosahexaenoic acid (DHA; 22:6nҀ3). The intervention resulted in significant differences between groups in percent of energy from total nҀ6 fatty acids and nҀ3 fatty acids (Table  3) . Because of a higher content of MUFA in the fish oil (Table  1) , the percent of energy intake from MUFAs differed between groups during the intervention ( Table 3) . Supplements of vitamin C and E amounted to 60 (3) and 51 (7) mg/d, respectively, in the corn oil group and 58 (4) and 52 (6) mg/d, respectively, in the fish oil group, which explains the significant changes from the corresponding baseline intakes (Table 3) .
Although the oil preparations increased energy intake by 145 (19) and 143 (16) kcal/d in the corn oil and fish oil groups, respectively, there was no significant change in total energy intake during the intervention compared with baseline (Table  3) , and no significant difference between groups when analyzed by ANCOVA with adjustment for baseline total energy intake (data not shown). Similarly, intakes of protein and carbohydrates were not significantly reduced during the intervention compared with baseline in either group (Table 3) . The increased intake of total fat was accompanied by an expected reduction in the percent of energy from carbohydrate in both groups, and to a lesser extent from protein (Table 3) , and the effect did not differ significantly between groups (ANCOVA, data not shown).
nϪ6 and nϪ3 Fatty acids in diet, adipose tissue, and plasma phospholipids
According to the ANCOVA with adjustment for baseline dietary intake, the calculated dietary intake of 18:2nҀ6 increased by 6.4 g/d in the corn oil group, whereas 20:4nҀ6, 20:5nҀ3, 22:5nҀ3, and 22:6nҀ3 increased by 0.05, 1.84, 0.27, and 3.02 g/d, respectively, in the fish oil group (Table 4) . At the same time, the dietary ratio of nҀ6 to nҀ3 fatty acids was lowered by 6.41 (P 0.001) in the fish oil group compared with the corn oil group, whereas the ratio of DHA to EPA was not significantly different (difference of Ҁ0.11, P ҃ 0.227; Table 4 .) Both 20:5nҀ3 and 22:6nҀ3 increased in adipose tissue after 9 wk in the fish oil group (Table 4) . After adjustment for differences in baseline concentrations (ANCOVA), the calculated increases in 20:5nҀ3 and 22:6nҀ3 were 0.06 (P ҃ 0.001) and 0.08 mg/100 mg (P ҃ 0.002), respectively. The median increases in DHA and EPA in adipose tissue in the fish oil group were 13% and 18%, respectively (data not shown). Ratios of nҀ6 to nҀ3 fatty acids as well as of DHA to EPA decreased during the intervention in the fish oil group (Table 4) . When adjusted to baseline concentrations and compared with the corn oil group, the decreases were 0.64 (P ҃ 0.030) and 0.41 (P ҃ 0.020), respectively.
As shown in Tables 4 and 5 , the dietary increases in 20: 5nҀ3, 22:5nҀ3, and 22:6nҀ3 in the fish oil group resulted in a parallel increase in plasma phospholipids already after 1 wk, which increased further after 9 wk. Interestingly, adipose tissue also showed increased concentrations of 20:5nҀ3 and 22:6nҀ3 after 9 wk in the fish oil group compared with the corn oil group. The plasma phospholipid ratios of nҀ6 to nҀ3 fatty acids and of DHA to EPA were reduced in the fish oil group but not in the corn oil group, with DHA increasing relatively less than EPA (56% compared with 260%, data not shown). The 20:4nҀ6 concentration decreased in plasma phospholipids in the fish oil group, whereas the reduction was not statistically significant in adipose tissue. In contrast with the effect of dietary changes in nҀ3 fatty acids on plasma phospholipids and adipose tissue, the increased intake of 18: 2nҀ6 in the corn oil group had no effect on plasma phospholipid and adipose tissue fatty acid concentrations, whereas plasma phospholipid 18:2nҀ6 decreased in the fish oil group even though dietary intake was unchanged.
Lipoproteins and hormones
The intervention had no significant effects on total cholesterol, LDL cholesterol, HDL cholesterol, triacylglycerol, leptin, adiponectin, glucagon, or insulin, but proinsulin tended to increase in the fish oil group compared with the corn oil group (P ҃ 0.064 by ANOVA; Supplemental Table 4 in the current issue online at www.ajcn.org).
Blood glucose
Neither the 5 daytime home measurements nor average blood glucose differed significantly between groups at baseline. Average daytime blood glucose concentrations and fasting blood glucose concentrations were significantly higher after 8 wk in the fish oil group than in the corn oil group when adjusted for baseline values (ANCOVA, Table 6 ). The increase was nonlinear with time, reaching a new and higher concentration already after 2 Includes supplements. 3 Significantly different from baseline, P ͨ 0.008 (paired Wilcoxon signed-rank test). 4 Retinol equivalents, defined as the sum of g retinol and g ␤-carotene/6 in the diet and as retinol in the intervention oil. Table 4 in the current issue online at www.ajcn.org).
Ketones ␤-Hydroxybutyrate was below the limit of detection (0.2 mmol/L) in all samples measured, ie, the 10 subjects with the highest fasting glucose concentrations after 9 wk.
Insulin sensitivity as measured by hyperinsulinemic isoglycemic clamps
Fasting insulin concentrations before each clamp were 90 (56), 83 (69), and 69 (69) pmol/L in the corn oil group at baseline, 1 wk, and 9 wk, respectively, and did not differ significantly from the fish oil group, in which the concentrations were 97 (56), 118 (69), and 76 (63) pmol/L, respectively. Hyperinsulinemia was achieved after Ȃ15 min, and insulin concentrations during the last 40 min of the clamp were 590 (236), 688 (333), and 674 (292) pmol/L at baseline, 1 wk, and 9 wk in the corn oil group, which were not significantly different from concentrations in the fish oil group [639 (271), 771 (278), and 611 (243) pmol/L, respectively]. Isoglycemia was achieved in both groups at baseline, 1 wk, and 9 wk. The average blood glucose concentrations during the last 40 min of the clamp were 6.6 (2.4), 6.8 (2.4), and 6.9 (2.4) mmol/L in the corn oil group at baseline, 1 wk, and 9 wk, respectively. The corresponding concentrations in the fish oil group were 6.2 (0.8), 6.2 (1.0), and 6.3 (1.5) mmol/L.
Glucose utilization, which is a measure of insulin sensitivity, did not differ significantly between groups at baseline (Table 6) . When analyzing the effect of the intervention with adjustment for baseline values by ANCOVA, glucose utilization was significantly lowered by 1.56 mg ⅐ min Ҁ1 ⅐ kg LBM Ҁ1 in the fish oil group compared with the corn oil group at 9 wk.
Neither the corn oil nor the fish oil intervention had any significant effect on fasting FFAs (Supplemental Table 4 in the current issue online at www.ajcn.org). The clamp markedly reduced total FFAs both at baseline, 1 wk, and 9 wk. At baseline, FFAs decreased from 0.55 (0.21) to 0.06 (0.06) mmol/L in the corn oil group and from 0.67 (0.26) to 0.10 (0.11) mmol/L in the fish oil group. Neither the start (0 min) nor the end (120 min) concentrations, nor the concentration changes during the clamp, differed significantly between groups. At 9 wk however, the decrease in FFA concentration was less marked in the fish oil group than in the corn oil group when analyzed by ANCOVA with adjustment for baseline values (P ҃ 0.005).
Insulin secretion
The stimulated C-peptide response to glucagon (a measure of insulin secretion) did not differ significantly between groups at baseline ( Table 6 ). The increased response in the fish oil group at 9 wk was 0.29 nmol/L, which tended to be different from that in the corn oil group (P ҃ 0.078 calculated by ANCOVA with adjustment for baseline values, Table 6 ).
Insulin concentrations showed similar trends (data not shown).
Energy metabolism, fasting
The total EPR in the fasting state did not differ significantly between the groups at baseline and did not change during the intervention. Neither did the EPR expressed per kg LBM ( Table  7) . The EPR correlated strongly with LBM (r ҃ 0.794, P 0.001, n ҃ 26).
As shown in Table 7 , there was a significant time and treatment interaction for the nonprotein RQ. In the fish oil group, the nonprotein RQ was increased at 1 wk followed by a decrease at 9 wk. Carbohydrate utilization was thus temporarily increased after 1 wk, after which it was decreased with a concomitant increase in fat utilization.
Energy metabolism during the clamp
Indirect calorimetry was performed in parallel with the insulin and glucose infusion during the clamps some hours after the calorimetry measurements made in the fasted state. Because of practical problems, only 10 subjects in the corn oil group and 9 in the fish oil group successfully completed the calorimetry during all clamps. The differences between groups in terms of preference of energy substrate in the fasting state were accompanied by similar tendencies during the clamp procedures. At baseline, the subjects had a higher nonprotein RQ during the clamp procedures, 0.89 (0.10) compared with 0.86 (0.12) in the fasting state (P ҃ 0.016, n ҃ 19; Wilcoxon's test), which showed that they used more carbohydrate as substrate during the clamp procedure than during fasting. At 9 wk, the nonprotein RQ was 0.81(0.14) during the clamp in the fish oil group compared with 0.92 (0.21) in the corn oil group. However, repeated-measures ANOVA for the whole time-course of energy utilization during the clamp procedures showed no significant group difference (P ҃ 0.357).
Both groups exhibited the same pattern of protein metabolism at baseline, 1 wk, and 9 wk, ie, a smaller amount of protein was metabolized during the clamp than during fasting. This was confirmed by a reduced rate of nitrogen excretion in the urine. For example, during the baseline clamp procedures, the excretion of nitrogen was 12.0 (5.5) compared with 14.8 (6.4) g/24 h in the fasted state (P ҃ 0.002, n ҃ 19; Wilcoxon's test).
DISCUSSION
The literature abounds with studies of the effects of dietary supplementation with nҀ3 fatty acids, and several studies have been performed in subjects with type 2 diabetes. However, the results of intervention studies, especially in populations with type 2 diabetes, are hard to interpret because of the heterogeneity of study populations, possible confounding factors, and limited data on the mechanisms behind the recorded effects. The present study included a comparatively homogeneous, large study population of subjects with type 2 diabetes. Furthermore, the study had a blinded and parallel design and included repeated measurements of metabolic control, insulin sensitivity, insulin secretion, and energy metabolism, which allowed us to assess the time course of effects of nҀ3 fatty acids on these variables.
nҀ3 Fatty acids reduce hypertriacylglycerolemia, which may affect insulin sensitivity. Therefore, subjects with hypertriacylglycerolemia were not included in the present study. Triacylglycerol data from other studies, however, eg, the UKPDS (41), 1 All values are x ; 95% CI in parentheses. Fatty acids did not differ significantly between groups at baseline (0 wk) by Mann-Whitney test. Significant changes over time (the time-dependent intervention effect on separate fatty acids within the same treatment group) were analyzed by repeated-measures ANOVA. Means not sharing a common superscript letter (in the corn oil group: x, y, z; in the fish oil group: a, b, c) are significantly different at P 0.05 (Bonferroni correction).
2 P for time ҂ treatment interaction by repeated-measures ANOVA. 3 The ratio between 22:6nҀ3 (DHA) and 20:5nҀ3 (EPA).
nҀ3 FATTY ACIDS AND TYPE 2 DIABETES indicate that our study population is still representative of a large segment of subjects with type 2 diabetes. Our results show a moderate but significant deterioration of glycemia in subjects treated with fish oil compared with corn oil. This deterioration was probably not caused by changes in lifestyle, because weight and body composition were stable, and diet did not change during the study period.
The moderate deterioration of metabolic control in the fish oil group was paralleled by lesser glucose utilization than in the corn oil-treated subjects. One might argue that insulin sensitivity was not worsened in the fish oil group but rather improved in the corn oil group. However, improvement in a control group cannot be distinguished from the unspecific effect of trial participation. It is well known that study participation per se usually improves metabolic control in persons with type 2 diabetes.
It is interesting that the FFA-lowering effect of insulin during the clamp procedure was somewhat compromised by a high dose of nҀ3 fatty acids. Insulin resistance in type 2 diabetes causes a reduced insulin effect on both glucose and FFAs (42, 43) . This could indicate common defects in insulin signaling in type 2 diabetes on one hand and effects of nҀ3 fatty acids on the other. The mechanisms behind these defects remain to be elucidated.
Attenuation of insulin secretion is an alternative cause for deterioration of metabolic control. Our findings rule out this explanation, because C-peptide responses to glucagon were not decreased but tended to be enhanced by fish oil compared with corn oil treatment. Such enhancement can be readily explained as an adaptive response to decreased insulin sensitivity.
Our study showed that nҀ3 fatty acids time-dependently alter the proportion of carbohydrate and fat utilization as assessed by indirect calorimetry in the fasting state. Notably, these effects did not result in any change in total energy intake, which was stable in all subjects during the intervention. Furthermore, resting energy expenditure was unchanged after both 1 wk and 9 wk of intervention. This finding agrees with the results of other studies (44) . In contrast, nҀ3 fatty acids strikingly affected the ratio between fat and carbohydrate oxidation, effects that were not to any degree seen after corn oil supplementation. Interestingly, the fish oil effects were markedly time-dependent, with reduced fatty acid utilization after 7 d that changed to increased fatty acid utilization after 9 wk. The calorimetry data obtained during the clamp procedure were compatible with the results obtained in the fasting state. Thus, there was a relative, although not significant, increase in fat utilization in the fish oil group during the clamp procedures performed at the end of the study.
Our findings of increased fat utilization after 9 wk agree with results found in nondiabetic persons (45) . That previous study suggested increased ketogenesis as a possible explanation. However, we did not find that nҀ3 fatty acids elevated ketones. Our observation that the increased fatty acid utilization is time dependent indicates an induction of enzymes essential for fatty acid mitochondrial or peroxisomal oxidation.
Puhakainen et al (44) found that nҀ3 fatty acids increased gluconeogenesis from glycerol. Such an effect could theoretically induce insulin resistance. However, the application of these results to our study is doubtful, because Puhakainen et al did not find deterioration of metabolic control or increased fat oxidation.
It may seem paradoxical that the FFA-lowering effect of insulin during the clamps was reduced in the fish oil group; yet fat oxidation increased in proportion to carbohydrate oxidation. However, plasma FFA concentrations generally reflect the rate of generation of fatty acids rather than their rate of removal (46) . Thus, ongoing lipolysis during the clamp could maintain concentrations of circulating FFA.
We used a high dose of nҀ3 fatty acids because this would facilitate the detection of untoward effects in a time-course perspective. Furthermore, should we not find any such effects, this would confirm that nҀ3 fatty acids could be recommended to subjects with type 2 diabetes without restrictions on dosage. Clearly, our results do not justify recommending high-dose nҀ3 fatty acid dietary supplementation. On the other hand, we note that the untoward effects were moderate. Given a linear doseresponse relation (which seems plausible but not proven), intake of 1 g daily, which is commonly recommended in Norway, should have negligible untoward effects on metabolic control in subjects with type 2 diabetes. Thus, our findings do not rule out the use of nҀ3 fatty acids as a preventive measure in subjects at risk of cardiovascular disease. Other studies used more EPA than DHA in their supplements (most often 1.8 g EPA and 1.2 g DHA). In the present study, the amount of DHA the subjects ingested was 2.5-fold that of EPA. These proportions reflect those seen in the cod liver oil made in Norway. This is different from the proportions EPA to DHA in most commercial nҀ3 supplements, because these supplements are based on fish oils (anchovies and sardines) containing 18% EPA and 12% DHA.
Our phospholipid and adipose tissue data suggest that EPA and DHA are handled differently. Calculated as a percent, more EPA than DHA was incorporated into plasma phospholipids and adipose tissue. This agrees with previous results (47) showing that supplementation with DHA increases both DHA and EPA in serum phospholipids, indicating DHA retroconversion to EPA.
Corn oil was chosen as a placebo because it was available with the same flavor and taste as the fish oil and contained fatty acids already commonly used in the Norwegian population. We found that linoleic acid did not increase in plasma phospholipids in the control group despite the marked increase in diet, which indicates that plasma phospholipids were saturated with linoleic acid. In the fish oil group, the expected increase in plasma phospholipid nҀ3 fatty acids and decrease in nҀ6 fatty acids were clearly seen.
The KANWU study showed that substituting dietary SFAs with MUFAs increases insulin sensitivity only in healthy subjects consuming 37% of energy from fat (48) . At higher fat intakes, the authors found no difference between SFAs and MUFAs in effects on insulin sensitivity. In our study, the subjects in the corn oil group and fish oil group had initial fat intakes of 31.2% and 31.9% of energy, respectively, which increased during the intervention to 39.1% and 39.4% of energy, respectively. It thus seems that the effect of nҀ3 fatty acid supplementation on insulin sensitivity is not limited to a fat intake below 37% of energy in subjects with type 2 diabetes.
To conclude, a high intake of fish oil compared with corn oil has moderate untoward effects on glycemia and insulin sensitivity but not on insulin secretion. Furthermore, a high intake of nҀ3 fatty acids time-dependently alters the relative proportions of fat and carbohydrate oxidation. Because of the reduced insulin sensitivity in subjects with type 2 diabetes without hypertriacylglycerolemia, these persons should be discouraged from supplementing their diet with large amounts of nҀ3 fatty acids. Our data, however, do not imply that a moderate intake of marine nҀ3 fatty acids will have a detrimental effect in such patients.
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